T his article presents an improved approach for assessing occupant thermal comfort and, in turn, more efficient indoor conditioning. The occupant activity level is an im portant determinant of required comfort conditions and thus building energy use. For nine volunteers, the activity pattern dur ing typical office days was monitored. Detailed profiles of the occupant activity levels were obtained and, using clustering analysis, divided into "Sedentary" and "Active" groups. Although occupants were in their respective Sedentary cluster for 80% or more of the time, the Sedentary cluster was not limited by the currently used metabolic level for estimating sitting at a desk and working. Overall, just 30.7% of the recorded activity levels were less than or equal to the deskwork activity lev els. These findings point to the need for revising typical activity rates used in de signing indoor conditioning systems and defining control setpoints for thermal com fort in offices.
builDinG eneRGY uSaGe anD inDooR tHeRmal ComFoRt StanDaRDS
Modern people spend an overwhelming part of their life indoors [1] , and as such, the built environment accounts for nearly 40% of global energy use and 38% of global greenhouse gas (GHG) emissions [2] . Of building energy usage, a considerable fraction goes toward conditioning the indoor climate for occupant ther mal comfort, and yet comfort and healthrelated complaints remain common in many buildings [3] . Indoor thermal condi tioning tries to minimize any thermal stress on the human body by controlling indoor temperature, humidity, thermal radiation, and air movement to suit occupant needs. For deciding the requirements in spaces used by groups of people (like openplan offices), a widely prescribed model in standards is the Predicted Mean Vote (PMV) model [4] . The PMV model takes a steady state, heatbalance approach for the human body. Humans rely on their internal metabolism and thermoregulation to maintain a stable core temperature. When environmental heat loads are such that surplus metabolic heat cannot be dissipated or heat gets drained off too quickly, thermal discomfort arises.
The PMV model evaluates thermal comfort based on four environmental parameters (air temperature, humidity, radiant temperature, and air velocity) and two personal parameters (met abolic activity and clothing insulation), on a sevenpoint scale, starting from cold (3) to hot (3), with neutral being 0. The PMV calculations are particularly sensitive to metabolic activity. For thermal comfort calculations, metabolic activity is estimated in terms of mets, with 1 met being equivalent to 58.15 W per m 2 bodysurface area. A change of 1 met in the activity level can lead to a change of up to 3.5 mets on the PMV scale [4] . If the activity rate differs by 1 met, the temperature setpoint would need to differ by 7.5 °C. To put it into perspective, increasing cooling setpoints by 3 °C or reducing heating setpoints by 1 °C can, on average, reduce indoor conditioning energy usage by more than 20% [5] . Hence, assumed activity levels contribute to dissatisfied occupants and energy wastage.
Metabolic rate measurements typically use either direct or indirect calorimetric methods [6] . These are either confined to controlled laboratory spaces or involve some significant partici pant inconvenience. Hence, for indoor conditioning, default values are assumed from databases [4] , depending on the build ing's purpose. However, assumed values, based on laboratory studies, may not be similar for activities performed under field conditions. Also, over the long service life of a building, the intended purpose may change or the activity patterns and indoor space usage may evolve. For example, today's offices, due to the penetration of information technology, have very lit tle in common with offices of three decades prior.
Improving occupant comfort and optimal energy use need better estimates of activity levels. Accelerometers are used extensively in a variety of wearable, consumer electronics. They may be used for identifying wearer activity. Actimetry is an easytouse, inexpensive, noninvasive, and reliable means of measuring occupant activity [7] . It is also suitable for con tinuous monitoring, while minimally interfering with the wearer's routine, thus allowing comprehensive assessment of occupant activity.
With targets of nearzero energy buildings drawing closer, such monitoring can aid in optimizing building energy use. An energyefficient built environment can lead to 30-50% energy usage and 35% GHG emissions reductions [2] . These can prove vital in working toward a sustainable future. In particular, it cor relates strongly with the United Nations (UN) Sustainable Development (UNSD) Goal 11-Sustainable Cities and Com munities-and Goal 13-Climate Action. The built environ ment also has an important role in health and wellbeing [8] (UNSD Goal 3). Thus, better design and operation of building indoor climate is of overwhelming importance at this juncture.
The current study was organized with an exploratory setup for examining the applicability of actimetry to estimate the activ ity levels of occupants in an openplan office. In choosing suit able indoor conditioning requirements for an office space, the relevant standards recommend that office occupants mostly have a sedentary activity level, between 1 and 1.3 met. This study intended to verify how accurate this estimate is when factoring in modern the office worker. This connection is illustrated through the schema in Figure 1 . The study results will help in better understanding occupant needs of thermal comfort and would also help in standardizing applications of actimetry for improving indoor thermal comfort specifications. and seats between 12 and 20 people, the variability being due to flexible working schedules.
For this study, nine occupants (three female and six male) who worked in this space were recruited on a voluntary basis. During the study period, participants only had their regular workload, and there were no teaching or extraacademic tasks. No participant suffered from any form of repetitive strain inju ry, experienced any recent major surgery or illness, were diag nosed with any form of a metabolic disorder, or were pregnant during or immediately prior to the study. The work followed Dutch human subject regulations, and the Dutch Medical Research Involving Human Subjects Act (WMO) did not apply. While an official ethical approval was not required, all necessary steps were taken to ensure anonymity and confiden tiality for the participants. Participants were informed regard ing the purpose of the study: that their participation was voluntary, they may discontinue their participation at any time, and all data would be processed anonymously, solely for research purposes. Two participants contributed two days, one contributed four days and one contributed six days. The others contributed three days of their time. The complete data set had roughly 281 h of time spent in the office space. Participant demographics have been summarized in Table 1 , in the form of mean (standard deviation).
ACTIMETRY AND MONITORING OCCUPANTS
Actimetry, in a built environment, has a more extensive his tory of use in sleep studies [9] , [10] . However, it has yet to see an application in modulating indoor conditioning. In this article, the Sensewear Armband (Sensewear), which has been clinically tested, was used for activitylevel measurements [7] . Participants wore it on their upper right arm, from arriv al at their desk until they left for home. The Sensewear logged activity level, skin temperature, and skin heat flux every minute.
ANALYSIS OF RESPONSES
The devices were collected from the participants once they had completed their desired number of days of the study. Data preprocessing and analysis was conducted in the R sta tistical environment. Data gathered for each individual, on each day of his or her participation, were analyzed separately since participants need not have had similar engagements on different days. Because of the nature of typical office worktime spent at a desk interspersed with time in meetings, breaks, and so on-it was assumed that occupants would have two distinct groups of activity: Sedentary and Active. This was done to contrast with the typical design assumption (discussed previously) that office work is assumed to be sed entary. To clarify, sedentary is not being used for its literal meaning but to denote a range of activities that correspond to typical office work: seated at a desk reading (1 met), typing (1.2 met), or filing or standing (1.4 met) [4] . Active is being used to denote all other activities that may go on during an office day, e.g., taking a lunch break, moving from office to meeting rooms, and so on. The hypothesis is that the major portion of the day would be spent in a range of activities that fall within the Sedentary phase.
Kmeans clustering [11] was used on the recorded values of longitudinal and transverse acceleration, skin heat flux and temperature, and activity levels to divide each day's data, for each participant, into the two aforementioned groups. This approach is schematically represented in Figure 2 . The cluster with a lower mean activity rate value would be the Sedentary cluster. For correlations, the Pearson product moment correlation was used [11] . Using a clustering algorithm, we need not impose any presumptions regarding what activity level should be ascribed for the Sedentary phase in office work. Also, taking other physiological variables into account, apart from just the activity level, should improve result integrity. The mean values for the Sedentary and Active clusters for each participant was determined by taking a weighted mean of the daywise cluster means, with the weighting factor being the time a participant spent in the particular cluster for each of his or her participa tion days. So, for example, if the mean activity value of the Sedentary cluster of participant S1 was M1, M2, and M3 on the three days when he or she volunteered, these values were weighted using the minutes S1 spent on each of the three days 
oFFiCe oCCupantS' aCtimetRY Data
A summary representation of the physiological data recorded using the Sensewear is provided in Table 2 . Cumulative frequen cy distribution plots for the data, clustered into Sedentary and Active groups, is included in Figure 3 . Well above 80% of the recorded values were below 2 met. However, there were still short spurts of quite high activity levels (some point values even exceeding 8 met). These likely corresponded to activities such as climbing stairs and moving across meeting rooms or buildings. Taking all participants into consideration, 85.3% of time was spent in the Sedentary clusters. Overall, 30.7% of the recorded activity levels were ≤1.2 met, the value used for desk work, and 75.3% were ≤1.6 met, the value used for light office activity or standing [4] . Mean met values of the Sedentary and Active clusters and the time fraction spent in the Sedentary cluster, for each participant, have been given in Table 3 .
The mean met values, as explained in the "Analysis of Responses" section, were a weighted mean for each partici pant, based on the cluster analysis of the data from each of his or her days of participation. The mean value of the Sedentary clusters for different participants had a smaller range than the mean values of the Active cluster. From every day's data, the mean value for the Sedentary cluster varied between 1.2 and 1.7 met, whereas variations of the mean for the Active cluster was between 1.6 and 4.1 met. The analysis indicated two clear groupings of activity over the office day for all nine partici pants. Table 3 shows that 80% or more time was being spent by occupants in their respective Sedentary clusters. Because of the small subject pool, any significant correlations between mean values of the activity clusters and participant physical features were not expected. The mean values of the Sedentary cluster best correlated to body mass index (r = −0.51, p = 0.16), and mean values of the Active cluster best correlated to participant height (r = 0.68, p = 0.043).
DiSCuSSion
Affective computing trends are moving toward commercially available wearables, with multiple sensors for noninvasive monitoring of people [12] , [13] . Among these sensors are also the ones that make actimetry possible using simple wearable electronics. We hypothesized that this can consequentially also impact indoor thermal conditioning decisions and energy use. Actimetry is a suitable solution to estimate the occupant activi ty rate and provides a detailed picture. The wearable device was nonintrusive, and none of the participants reported any issues of discomfort. Being an exploratory study, the number of participants was small. However, the results suggest that the methodology can be easily extrapolated to larger populations, both for shortterm surveys and for longterm monitoring.
Today's offices are no longer "typical." Changing office layouts, work hours, and workfromhome practices mean that we cannot design thermal comfort for offices of this cen tury using assumptions from the last one. This study showed that office activities may be classified into two distinct groups. Occupants spent more than 80% of their time in their respective Sedentary groups (Table 3) . But the spread of the Sedentary cluster went beyond 1.2 met. More than 44% of the time, the occupant activity rate was between 1.2 and 1.6 met, questioning the typical values used for office work in calcu lating the PMV. Significant interindividual variations were noted, reinforcing the need for personalized thermal comfort systems and models [14] . Such models can benefit from Table 2 . A summary of recorded physiological data.
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Activity rate (met) actimetry data. The wide distribution of activities also brings to fore the need for moving toward thermal comfort indices that can handle the dynamic nature of human activities from the current steadystate PMV model. Considering the ease of use and easy repeatability of actime try and the long service life of buildings, it is advisable to repeat such surveys with the contemporary occupants of a building. For the future, we may envisage a continual and proactive approach toward ensuring indoor thermal comfort [15] , aided by actimetry. An inuse building would be continually moni tored, gathering occupant activity data (step 1), the data ana lyzed for occupant needs (step 2), and the steps taken by the building management system (BMS) to provide suitable com fort conditions with efficient use of energy (step 3). This becomes an iterative process to anticipate occupant discomfort and take proactive measures. It may move on to actimetry on networked devices, possibly even smartphones, and rely on a combination of Internet of Things and cloudbased data pro cessing to take care of both the monitoring and analysis. Addi tionally, wearable electronics actimetry also holds the future potential to better understand space usage in offices, indoor occupancy, improving health and wellbeing of the users [16] , and contributing toward smart health care [17] .
ConCluSion
Actimetry provides a viable option for monitoring occupant activ ity under field conditions. It is easy to use and nonintrusive and hence may be implemented multiple times over a building's life. The data gathered can be used to update activity values used for indoor thermal comfort design. Considering how sensitive human thermal comfort can be to the activity level, this would be an important step toward energyefficient indoor conditioning. The future could hold the use of wearable devices for actimetry that provide continual monitoring of individual thermophysiological profiles to improve the control of not just heating, ventilation, and airconditioning systems with centralized control, but also for systems with more localized effect and control options.
Our investigations showed that the activity levels of office occupants may be categorized into Sedentary and Active groups. Occupants spent a considerable part of their days at activity lev els over the typical used value of 1.2 met for seated desk work. Interoccupant variations existed for typical office workers' days. So, while occupants may spend more than 80% of their office hours in their personal Sedentary activity cluster, the actual met abolic rate often varied from that for sitting and working at a desk. These findings imply that the occupant activity rates assumed for indoor climate conditioning in building design need a careful revision, and actimetry can provide the means to build ing a new database using field observations. At the same time, actimetry can also contribute during the operational phase of buildings, based on its integration in wearable electronics, to bet ter identify occupant activity levels and aid the BMS in realtime decisions for energyefficient comfort conditioning. 
